r 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



llliiiiiiiiiiiiii 

© Publication number: 0 441 584 A2 



© 



EUROPEAN PATENT APPLICATION 



© Application number: 91300910.6 
© Date of filing: 05.02.91 



© lntCIAG11C 11/22 



® Priority: 09.02.90 US 479495 

© Date of publication of application: 
14.08.91 Bulletin 91/33 

© Designated Contracting States: 
DE FR GB 

© Applicant: RAYTHEON COMPANY 
141 Spring Street 

Lexington Massachusetts 02173(US) 

@ Inventor: Evans, Joseph T., Jr. 
13609 Verbena Place, NE 
Albuquerque, New Mexico(US) 



Inventor Bullington, Jeff A. 
5633 Wheelwright Avenue, NW 
Albuquerque, New Mexico(US) 
Inventor Bernacki, Stephen E. 
2 Cherlyn Drive 

Northboro, Massachusetts(US) 
Inventor: Armstrong, Bruce G. 
1824 Belburn Drive 
Belmont, Californla(US) 



© Representative: Jackson, David Spence et al 
REDDIE & GROSE 16, Theobalds Road 
London, WC1X 8PL(GB) 



© Ferroelectric memory structure. 



CM 
< 

00 

in 



3 



0. 
LU 



© To avoid problems associated with destructive 
readout, non-destructive readout is provided by mea- 
suring current through the ferroelectric memory ele- 
ment (F 2 ) as a measure of its resistance. Information 
is stored in the ferroelectric memory element (F 2 ) by 
altering its resistance through polarizing voltages. 
The half select phenomenon is avoided by using 
isolation zener diodes (Zi Z 2 ) or bipolar junction 
transistors (Q2, Cfe). The polarizing voltages are ap- 
plied between a row line (X1) and a column line (Y1) 
through the two isolation elements (Zi, Z 2 ), which, if 
zener diodes, are respectively forward biased and 
reverse biased to break down. During a read opera- 
tion, one zener diode (Z1) is reverse biased to break 
down, and the other (Z 2 ) is reverse biased to non- 
conduction. The small read current is preamplifted 
(Q1) at the memory cell (1,1). 
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FERROELECTRIC MEMORY STRUCTURE 



Background of the Invention 

This application relates generally to non- volatile 
semiconductor memories and more specifically to 
ferroelectric memories. 

Many types of semiconductor memories are 
known and extensively used in computerized sys- 
tems. One type of memory, the non-volatile mem- 
ory, fills a special role. Non-volatile memories re- 
tain information even if power to the system is lost 

Recently, ferroelectric material has been used 
to form non-volatile memories. Such memories are 
formed using thin film processing techniques to 
make arrays of capacitors with ferroelectric dielec- 
trics. For example, the paper "Preparation of Pb- 
(Zr,Ti)0 3 Thin Rims by Sol Gel Processing", pub- 
lished in the Journal of Applied Physics, Volume 
64(5), Sept. 1988, describes the formation of a 
ferroelectric film denoted PZT. In the memory, the 
capacitors are connected to a grid of row and 
column control lines with one capacitor connected 
between each unique pair of a row and a column 
line. Each capacitor is one cell of the memory and 
stores one bit of information. This arrangement of 
cells forms what is commonly called a "cross-point 
array". 

To store a bit of information in a cell, its 
corresponding row and column control lines are 
connected to a voltage source. The voltage po- 
larizes the ferroelectric in the capacitor. A positive 
polarization represents a logic one. A negative po- 
larization represents a logic zero. 

To determine what is stored in a ceil, a two- 
step destructive read operation is employed. In the 
first step, the contents of the cell are sensed. In the 
sense step, the cell is polarized positively and the 
displacement current flow into the cell is measured. 
If no displacement current flow is detected, the cell 
was previously positively polarized. Thus, no mea- 
sured displacement current flow implies the cell 
stored a logic one. Conversely, if displacement 
current flow is detected, it is known the cell pre- 
viously stored a logic zero. 

After the sense step, the cell will always con- 
tain a logic one. If the cell previously stored a logic 
zero, a second step is required to restore this 
value. The value is restored by performing a write 
operation to write a logic zero in the cell 

The destructive readout crosspoint array suf- 
fers from several significant shortcomings. The first 
is called the "half select phenomenon". When a 
voltage is applied to the array to access one cell in 
the array, up to one half of that voltage may be 
dropped across other cells in the array. When a 
voltage is applied across a row line and a column 



line to access a cell, only one cell directly connects 
those two lines. However, there are other paths, 
called "parasitic paths", through the array which 
connect those particular row and column lines. 

5 These other paths contain more than one cell, 
which implies that less voltage is dropped across 
each cell in the parasitic paths. However, in some 
instances, the voltage across cells in the parasitic 
paths could be large enough to disturb the opera- 

10 tion of those cells. 

Heretofore, the half select phenomenon has 
been avoided by CMOS transistors used to isolate 
the ferroelectric capacitor in each cell. This ap- 
proach suffers from two drawbacks. First, CMOS 

75 transistors are ill suited for carrying the relatively 
large amounts of currents needed to charge up the 
ferroelectric capacitor. The CMOS transistors must 
be made very large to carry the required current. 
However, dense memories are often desired and 

20 large transistors do not allow dense memories. 
Also, large CMOS transistors are likely to latch up. 
If large transistors are not used, the memory will 
operate slowly. Second, isolation transistors require 
separate control lines. These lines also take up a 

25 lot of space and are not compatible with dense 
memories. 

A second shortcoming of destructive read out 
ferroelectric memories is that there is a period of 
time when information is not really in non-volatile 

30 memory. In particular, during a read operation, 
between the sense cycle and restore cycle, the 
information is not stored in the ferroelectric capaci- 
tor. If power to the circuit were lost at that instant, 
the information would be lost. 

35 A third significant shortcoming of the destruc- 
tive readout is called "fatigue". Applying a large 
voltage to the ferroelectric material stresses the 
material. Over time, the stressed material is less 
effective at storing charge. The voltage applied to 

40 the ferroelectric capacitor stresses the material. 
After numerous read or write operations, the cell 
becomes stressed and its performance as a mem- 
ory becomes degraded. With destructive readout, 
the ferroelectric capacitor is stressed during writing 

46 as well as during the sense portion of the read and 
the restore portion of the read. 

Summary of the Invention 

so It is an object of this invention to provide a 
method of isolating the cells in a crosspoint array 
to avoid the half select phenomenon without using 
CMOS isolation transistors. 

It is also an object of this invention to provide a 
method of reading information stored in a ferroelec- 
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trie memory without disrupting the information 
stored therein. 

The foregoing and other objects are achieved 
in a crosspoint array of ferroelectric capacitors in 
which each capacitor is connected to its corre- 
sponding row and column control lines through 
zener diodes. The reverse breakdown voltage and 
the voltage applied to the array to read or write into 
one of the capacitors are appropriately selected. 
The reverse breakdown zener voltage is selected 
to be greater than one half the supply voltage so 
that the zener will not conduct as a result of the 
half select phenomenon voltage. The supply volt- 
age must exceed the coercive threshold voltage of 
the ferroelectric capacitor at least by the reverse 
bias breakdown voltage of the zener diode to en- 
sure that the capacitor is polarized when the cell is 
accessed. 

According to another feature of the invention, 
the information stored in a cell is read by measur- 
ing the resistance of the ferroelectric capacitor. To 
measure resistance, a voltage less than the coer- 
cive threshold voltage is developed across the cell. 
The ohmic current flow is measured by a current 
sense amplifier. 

In one embodiment, a bipolar junction transis- 
tor is connected between the ferroelectric capacitor 
and the current sense amplifier to act as a current 
preamplifier. 

In yet another embodiment, the memory is 
configured such that two memory cells store one 
bit of information. The cells store complimentary 
values and their outputs are connected to a dif- 
ferential amplifier. 

In another embodiment of the invention, the 
ferroelectric capacitor of each cell is isolated by 
bipolar transistors. The bases of all the transistors 
in the cells of one row of the crosspoint array are 
connected to a word control line. 

In yet a further embodiment, a pair of fer- 
roelectric capacitors is connected to a static RAM 
cell through bipolar isolation transistors. This em- 
bodiment can be further modified to allow for resis- 
tive readout 

Brief Description of the Drawings 

The invention may be better understood by 
reference to the following detailed description and 
accompanying drawings in which: 

FIG. 1A shows a simplified schematic of one 

embodiment of the invention; 

FIG. 1B shows a simplified schematic of the 

embodiment of the invention in FIG. 1A adapted 

to operate with a nondestructive readout; 

FIG. 2A shows a simplified schematic of an 

alternative embodiment of the invention; 

FIG. 2B shows a simplified schematic of an 



alternative embodiment of one cell of the mem- 
ory of FIG. 2A; 

FIG. 2C shows an alternative embodiment of 
one cell of the memory of FIG. 2A; 
5 FIG. 3A shows an alternative embodiment of one 
memory cell; and 

FIG. 3B shows the embodiment of FIG. 3A 
modified for non-destructive readout. 

io Description of the Preferred Embodiments 

FIG. 1A shows a block diagram of one embodi- 
ment of a memory made according to the inven- 
tion. In this embodiment, the half select phenom- 

75 enon is avoided by zener diode isolation. The 
blocks shown in FIG. 1A represent circuits which 
one of skill in the art will understand how to make 
as part of a semiconductor integrated circuit. Here, 
an array of four memory cells - cell (1, 1). cell (1, 

20 2), cell (2, 1), and cell (2, 2) - is shown. One of skill 
in the art will appreciate a semiconductor memory 
would likely have many more cells. 

The cells are connected to row lines Xi and X2 
and column lines Y1 and Y 2 to form a crosspoint 

25 array. The voltages needed to read and write to the 
cells are applied to column lines Y1 and Y 2 by 
column drivers 12i and 12 2 and to row lines X1 
and X 2 by row drivers 14i and 14 2 . The value of 
voltage to be applied to each row and column line 

30 is dictated by control logic 10. Control logic 10 
receives inputs which indicate whether a read or 
write operation is to be performed and which cell to 
operate on. In response, control logic 10 applies 
signals to column drivers 12i and 12 2 and row 

35 drivers 14i and 142. 

The operation of the memory cell can be better 
understood by reference to the details shown for 
cell (1,1). Cell (1, 1) is typical of all the cells in the 
array. The cell contains ferroelectric capacitor F1. 

40 To form the capacitor, a layer of metal is deposited 
over the semi-conductor material from which the 
memory is formed. Next, a layer of ferroelectric, 
such as PZT is deposited over the metal. Finally, a 
second layer of metal is deposited over the fer- 

45 roelectric. These layers may be deposited and 
patterned using known techniques. 

As shown, one side of ferroelectric capacitor F1 
is connected through zener diode Z1 to row line X1 
and the other side is connected to column line Yi 

50 via zener diode Z 2 . 

The zener breakdown voltage of zener diodes 
Z1 and Z 2 are selected so that the cells do not 
suffer from the half select phenomenon. The zener 
breakdown voltage of zener diodes Zi and Z2 is 

55 larger than one-half of the supply voltage. As de- 
scribed previously, the half select phenomenon can 
cause up to one-half of the supply voltage to ap- 
pear across a cell even if that cell is not being 
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accessed. With zener diodes Zi and Z2 in series 
as shown, a voltage of one-half the supply voltage 
will be insufficient to break down one of the diodes. 
Thus, one zener diode one will be in a non-con- 
ducting state and no voltage will be applied to 
ferroelectric capacitor Fi unless the cell is acces- 
sed. 

However, when cell (1, 1) is to be accessed, 
the voltage across the cell is approximately equal 
to the supply voltage. Regardless of which polarity 
is applied to the cell, one of the zener diodes Zi or 
Z2 will be forward biased having a voltage drop of 
approximately 0.5V and the other zener diode will 
be in reverse bias breakdown having a voltage 
drop of approximately one half of the supply volt- 
age. The remaining voltage - roughly one half of 
the supply voltage - is dropped across ferroelectric 
capacitor F1. The supply voltage is chosen to be 
large enough that one-half of the supply voltage 
will polarize ferroelectric capacitor F1 . The voltage 
needed to polarize ferroelectric capacitor F1 is of- 
ten called the "coercive voltage". Thus, the supply 
voltage must exceed twice the coercive voltage. 

To write a logic one into cell (1, 1), row driver 
14i is switched so that voltage V A is coupled onto 
row line X1. Column driver 12 couples voltage V B 
onto column line Y1. Voltages V A and V B differ by 
the supply voltage V s . For example, V A could equal 
V s and V B could be ground potential. Alternatively, 
V A could be + Vs/2 and V B could be -Vs/2. 

Conversely, to write a logic zero into cell (1, 1), 
row line X1 is at voltage V B and column line Yi is 
at voltage V A . Thus, the polarity of the voltage 
across ferroelectric capacitor F1 is inverted. 

To read what is stored in cell (1 . 1 ), a destruc- 
tive readout is performed. During the sense portion 
of the read, row line X1 is connected to V A and 
column line Y1 is connected to V B . A logic one is 
written into the cell. However, if displacement cur- 
rent had to flow to write a logic one into the cell, 
the output of sense amp Ai will indicate it. Here, 
A1 is shown schematically as a differential voltage 
amplifier connected across a resistor Ri . However, 
any known method of measuring current could be 
used. For example, a current integrating amplifier 
could also be used. 

If displacement current flowed to write a logic 
one into cell (1, 1), the cell previously stored a 
logic zero. In this way, the output of amplifier A1 
can indicate what was stored in cell (1,1) before 
the sense portion of the read. The output of am- 
plifier A1 is coupled to output logic 16. Output logic 
16 provides the value stored in the cell to control 
logic 10. If ceil (1,1) previously stored a logic zero, 
control logic 10 will cause a logic zero to be written 
into the ceil. Output logic 10 also formats the 
information to be output from the memory. For 
example, the output might need to appear at a 



particular time or in conjunction with other signals. 
Output logic 16 operates similarly to output logic 
for other known memories. 

FIG. 1B shows a variation to the memory of 

5 FIG. 1A, which is called "resistive readout" or 
"nondestructive readout". The memory contains 
zener diodes Zi and Z2 to eliminate the half select 
phenomenon. Information is written to the cell as 
described in connection with FIG. 1A. The dif- 

10 ference between the memories of FIG. 1A and FIG. 
1 B is in the way information is read from the cell. 

The read operation makes use of the property 
of ferroelectric material that its resistance depends 
on its polarization polarity. As described previously, 

75 the polarization polarity of ferroelectric cell F 2 de- 
pends on whether it stores a logic one or a logic 
zero. Thus, sensing the resistance of ferroelectric 
capacitor F2 indicates the information stored in the 
cell. 

20 To sense the resistance of ferroelectric capaci- 
tor F 2 , row driver 52i connects row line X1 to 
voltage V c . Column line Y1 is connected to voltage 
source V D . Voltage V D ensures that the cathode of 
zener diode Z 2 is at a voltage higher than the base 

25 of transistor Q1 . This voltage ensures zener diode 
Z2 is reverse biased and does not conduct. Voltage 
V c is large enough that zener diode Zi is in re- 
verse bias breakdown and a small voltage - say 50 
to 100 millivolts - is dropped across ferroelectric 

30 capacitor F 2 . 

Ferroelectric capacitor F 2 has a large resis- 
tance, but the voltage across it will cause a small 
"ohmic current" flow, which is proportional to the 
resistance. Since zener diode Z 2 is reverse biased, 

35 the whole current will flow into the base of transis- 
tor Q1 . Transistor Q1 acts as a current preamplifier 
as long as the control line READ is at a high 
enough voltage to bias transistor Q1 into its forward 
operating region. 

40 The amplified current is applied as an input to 
amplifier A3. An ohmic current above a predeter- 
mined threshold into amplifier A3 signifies that fer- 
roelectric capacitor F 2 has a resistance consistent 
with a polarization state which indicates a logic 

45 one. Conversely, a current below a predetermined 
threshold indicates ferroelectric capacitor F 2 has a 
resistance consistent with a polarization state which 
indicates a logic zero. 

It should be noted that the cell of FIG. 1B is 

50 read without changing the polarization of cell F 2 . 
The voltage applied across ferroelectric cell F 2 
during a read operation is on the order of one-tenth 
of a volt. A voltage on the order of several volts is 
traditionally needed to affect the polarization state 

55 of a ferroelectric capacitor in a semiconductor 
structure. 

The low voltage across ferroelectric capacitor 
F2 during the read poses a difficulty because the 
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resulting current flow is so small. For example, 
currents are typically on the order of 0.001 
nanoAmps in one polarization state and 0.1 
nanoAmps in the opposite polarization state. While 
the currents in these two states differ by two orders 
of magnitude, the magnitudes of these currents is 
still very small. Measurement of these currents 
could be unreliable, especially in the presence of 
noise. Several steps can be taken, to ensure ac- 
curate measurement of these small currents. 

One technique to improve measurement of 
small currents is the inclusion of transistor Qi as a 
current preamplifier. If lower resistance ferroelec- 
trics are developed, transistor Qi might be elimi- 
nated. 

A second technique shown in FIG. 1B for Im- 
proving the accuracy of current measurement is 
the use of a differential amplifier for amplifier A 3 . 
As shown, the outputs of cells (1,1) and (2, 1) in 
the first column feed one input of amplifier A 3 . 
Outputs of cells (1, 2) and (2, 2) in the second 
column feed the second input of amplifier A3. If the 
memory is operated so that cells (1 , 2) and (2, 2) 
always store the logical compliment of the values 
in cells (1,1) and (1, 2), respectively, a differential 
input will be applied to amplifier A3. It should be 
noted that two cells are thus needed to store one 
bit of information if a differential amplifier is used 
for amplifier A 3 . It should also be noted that for the 
control lines shown in FIG. 1B, all the cells in one 
row of the array will produce an output when any 
cell in the row is accessed. However, such an 
arrangement is commonly used in conventional 
memories and can easily be compensated for by 
output logic 16. 

Another technique to improve measurement of 
the resistance of ferroelectric capacitor F2 through 
ohmic current measurement relates to decreasing 
the resistance of the capacitor. The ohmic current 
flow increases with a lower resistance, making the 
measurement less susceptible to noise. 

One way to reduce the resistance of ferroelec- 
tric capacitor F 2 is to reduce the potential barrier 
where the conductive plates of the capacitor con- 
tact the ferroelecttic dielectric. To reduce the po- 
tential varrier, the material used to form the plates 
should have a work function similar to that of the 
ferroelectric. For PZT ferroelectrics, a conductive 
oxide is used. Tin-Oxide, indium-tin-oxide or nickel- 
oxide could be used. Such materials can result in a 
resistance for the capacitor of 10 s ohms-cm as 
opposed to 10 12 ohms-cm found if the capacitor is 
formed with traditionally formed contact metals. It 
is known in the art how to form conductive layers 
of such materials by sputtering or sol-gel deposi- 
tion techniques. 

A second way to reduce the resistance across 
the ferroelectric capacitor F 2 is to reduce the bulk 



resistance of the ferroelectric. The resistance can 
be reduced in several ways. One way is to include 
an inert metal into the PZT gel before it is spun out 
into a layer. Small amounts of silver, lead, or plati- 

5 num could be used as a dopant. These dopants 
could be sputtered onto the surface and then dif- 
fused into the PZT film. Additionally, excess lead, 
zirconium, or titanium could be introduced into the 
sol-gel before it is spun into film. Materials which 

10 are known as p-type dopants for semiconductors, 
such as boron or gallium, could also be introduced 
into the ferroelectric to lower its bulk resistance. 
Alternatively, the dielectric of capacitor F2 could be 
made by alternately depositing thin layers of PZT 

75 and thin layers of a metal. Another way to reduce 
the resistance would be through the inclusion of 
oxygen vacancies in the PZT film. Oxygen vacan- 
cies could be introduced by annealing the PZT film 
in a reducing atmosphere. 

20 An alternative way to avoid the half select 

phenonenom is through the use of isolation transis- 
tors. To avoid some of the problems associated 
with CMOS isolation transistors of the prior art, FIG. 
2A shows a scheme for using bipolar isolation 

25 transistors. 

FIG. 2A shows a four-bit crosspoint array of 
ferroelectric cells (1, 1)...(2, 2). Each cell is con- 
nected between one of the row control lines X1 or 
X2 and one of the column control lines Y1 or Y 2 . 

30 Additionally, each of the cells in each of the rows is 
connected to one of the word control lines W t or 
W 2 . The row control lines, column control lines, 
and word control lines are connected to row drives 
102i or 102 2 , column drives 100i or 100 2 , and 

35 word drives 104i or 1042, respectively. The drives 
are controlled by control logic 10. 

To write a logic one into the cell, row drive 
102i connects row line X1 to voltage V A and col- 
umn drive 100i connects column line Yi to voltage 

40 V B . To write a logic zero into cell (1, 1), the 
converse connections are made. Column Y1 is con- 
nected to voltage V A and row line Xi is connected 
to voltage V B . Voltage V B is likely ground and 
voltage V A is near the supply voltage. Voltage V A 

45 exceeds the coercive voltage of ferroelectric ca- 
pacitor F 3 by at least the amount of voltage 
dropped across transistors Q 2 and Qa when they 
are on. 

Once the voltages on row line Xi and column 
50 line Y1 are set, the write is completed by connect- 
ing word line W1 to voltage V A . When no write is in 
process, word line W1 is connected to voltage V B 
at ground potential. 

When word line W1 is connected to a high 
55 voltage, there will be a conducting path between a 
row line Xi and column line Y1. The path will 
encompass ferroelectric capacitor F 3 and transis- 
tors Q 3 and Q*. One of the transistors Q 3 and Q* 
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will conduct in the forward direction. The other will 
conduct in the reverse direction. Which transistor is 
conducting in the reverse direction depends on 
whether a logic one or a logic zero Is being written 
to the cell. It is thus desirable for transistors Q 3 5 
and Q* to have similar forward and reverse operat- 
ing characteristics. 

Resistors R3 and R* are necessary to prevent 
word line Wi from becoming "diode clamped" to 
row line Xi or column line Y1 . The base to emitter 10 
voltages of transistors Q 2 and Q3 is approximately 
0.7 volts. Without resistors R3 and R*. word line 
Wi would be only 0.7 volts above the lower voltage 
line - here that line is at ground potential. Resistors 
R3 and R* should have a value on the order of 75 
100,000 ohms. 

To read the value stored in the cell, row line 
X1 , column line Y1 , and word line Wi are operated 
as for writing a logic one into the ceil. As described 
above in conjunction with FIG. 1A, the current flow 20 
into the cell is measured by the combination of 
resistor Rs and amplifier A4. The output of amplifier 
A* is provided to output logic 16. Output logic 16 
provides the appropriate output and sends a signal 
to control logic 10 indicating whether a restore 25 
operation should be performed. 

The memory of FIG. 2A has been described as 
if one cell were accessed at a time. The memory 
can also be used where one whole row of cells is 
accessed at one time. Control logic 10 and output 30 
logic 16, in that case, produce multiple control 
signals or receive multiple outputs. Memories 
which operate in this fashion are known in the art. 

FIG. 2B shows a simplified ceil with only one 
isolation transistor CU. The cell of FIG. 2B is op- 35 
erated the same as the cell of FIG. 2A. With two 
isolation transistors as in FIG. 2A, no voltage is 
applied across ferroelectric capacitor F3 as long as 
word line Wi is at ground potential. In the cell of 
FIG. 2B, a small voltage appears across ferroelec- 40 
trie capacitor F*. This voltage results because there 
is a parasitic capacitance between the collector of 
transistor CU and ground. This capacitance is 
shown schematically as C1. With a voltage on row 
line Xi , ferroelectric capacitor F* and capacitor C1 45 
form a capacitive voltage divider. However, as long 
as parasitic capacitance C1 is kept small in com- 
parison to ferroelectric capacitor F* by appropriate 
fabrication of transistor CU, the voltage across fer- 
roelectric capacitor F4 will be so small that it will so 
not disrupt operation of ferroelectric capacitor F*. 

The circuit of FIG. 2B can also be used to form 
a resistive readout memory. FIG. 2C shows the cell 
of FIG. 2B adapted with a preamplifier transistor 
Qg. Transistor Qg operates like transistor Qi in FIG. 55 
1B. Additionally, the cell is connected to a READ 
line, as are the cells in FIG. 1B. The emitter of 
transistor Qg is connected to sense amplifier Ag in 
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the same way that transistor Q1 (FIG. 1B) is con- 
nected to amplifier A3. 

The cell of FIG. 2C is written in the same 
manner as the cell of FIG. 2B. To read the cell of 
FIG. 2C, word line Wi is connected to ground 
potential. Row line Xt is connected to a relatively 
small voltage - say one-tenth of a volt The read 
line is connected to a positive voltage and the 
current through ferroelectric capacitor F 5 is mea- 
sured in the same way that the current through 
ferroelectric capacitor Qi of FIG. 1 B. 

The method of isolation using bipolar junction 
transistors employed in the circuits of FIGS. 2A, 
2B, and 2C can be employed in other memory 
structures. 

FIG. 3A shows what is commonly termed a 
"shadow RAM". Transistors Q7 and Qs and resis- 
tors R9 and R10 from what is called a static RAM 
cell or a flop-flop 312. Node A is always in the 
opposite logic state as Node B. 

To read or write a bit into flip-flop 312, the 
WRITE/ READ CONTROL line is placed in a logic 
high voltage state, turning on transistors Qn and 
Q12. If the WRITE BIT line is connected to the 
positive supply, Vcc, a logic one is written into flip- 
flop 312. Conversely, if the WRITE BIT line is 
connected to ground, a logic zero is written into the 
cell. If the WRITE BIT line is "floating" (i.e., not 
connected to either or ground), nothing is writ- 
ten into flip-flop 312 and it retains is value. 

To read the value in flip-flop 312, the value on 
the READ BIT line is sensed. It should be noted 
that fiip-flop 312 has a negative logic read out. In 
other words, if flip-flop 312 stores a logic one, the 
READ BIT line will have a low voltage on it. 

Ferroelectric capacitors F 7 and F 8 in conjunc- 
tion with transistors Q9 and Q10 and resistors Rn 
and R12 form the shadow portion of the memory. 
Ferroelectric capacitors F7 and Fa can be polarized 
to states which store the same information as in 
flip-flop 312. The states of ferroelectric capacitors 
F 7 and F 8 can also be transferred to flip-flop 312. 
In operation, the information stored in flip-flop 312 
is transferred to ferroelectric capacitors F 7 and F 8 
immediately before power to the memory is re- 
moved. When power is restored to the memory, 
the information in ferroelectric capacitors F 7 and F 8 
is transferred back to flip-flop 312. In this way, 
information is retained in a memory even though 
power is turned off. 

To transfer information to ferroelectric capaci- 
tors F7 and F 8 , the PLATE line is at a low voltage 
and the CONTROL line is at a high voltage. With 
the CONTROL line high, transistors Qa and Q10 will 
conduct such that ferroelectric capacitor F7 is ef- 
fectively connected to node A and ferroelectric 
capacitor F 8 is effectively connected to node B. 
Either node A or node B will be at a logic high 
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voltage. The first ferroelectric capacitor, the one 
connected to the node at a logic high voltage, will 
have a sufficient voltage across it to polarize the 
first ferroelectric capacitor in a positive direction. 
The second ferroelectric capacitor is not affected. 

The second ferroelectric capacitor should be 
charged to the opposite polarity. This result is 
achieved by placing a high voltage on the PLATE 
line. The capacitor connected to the node at a low 
voltage will polarize opposite to the first capacitor. 
The first capacitor will have approximately zero 
volts across it, which is not enough to significantly 
alter its polarization. 

Information may be transferred from the fer- 
roelectric capacitors back to flip-flop 312 in several 
ways. One way is for flip-flop 312 to be discon- 
nected from the positive supply V^. Next, the 
CONTROL line 13 is placed in a high voltage state, 
turning on transistors Q 3 and Q10. A high voltage is 
placed on the PLATE line. Charge on ferroelectric 
capacitors F7 and Fs is shared with nodes A and B. 
The node corresponding to the ferroelectric capaci- 
tor with the positive polarization will acquire more 
charge than the other node. When flip-flop 312 is 
reconnected to V CCI the node with the most charge 
will be latched into the high voltage state. The 
opposite node will be latched into the low voltage 
state. Thus, the state of flip-flop 312 is restored. 

A similar approach can be followed at power 
up of the memory if CONTROL line is powered to 
a high voltage before the positive supply V cc sup- 
plies power to flip-flop 312. 

It is important to note when using bipolar tech- 
nology that capacitances are relatively small. For 
example, when charge is shared between ferroelec- 
tric capacitors F7 and Fs and nodes A and B, the 
switching to latch information into flip-flop 312 must 
occur quickly. Otherwise, the charge may dissipate 
before the switching occurs. 

It is also important that once the state of fer- 
roelectric cell is transferred to flip-flop 312, the 
information be rewritten to the ferroelectric capaci- 
tors F7 and Fs. As described above, transferring 
the state of flip-flop 312 to ferroelectric capacitors 
F7 and Fs does not alter the state of flip-flop 312. 
However, transferring information from ferroelectric 
capacitors F 7 and F 8 may alter the state of the 
capacitors. 

A similar arrangement may be used with the 
resistive readout ferroelectric capacitors. A shadow 
RAM cell 31 4B adapted for resistive readout is 
shown in FIG. 3B. Cell 31 4B contains a flip-flop 
31 2B analogous to ferroelectric capacitors F 7 and 
F 8 . Information is stored in flip-flop 31 2B in the 
same manner as described above. Likewise, . the 
information is transferred from flip-flop 31 2B to 
ferroelectric capacitors F9 and F10 in the same 
manner as described above. 



To transfer information from ferroelectric ca- 
pacitors F 9 and F10 to flip-flop 31 2B, resistive 
readout is used. The supply to flip-flop 31 2B is 
disconnected. The CONTROL line is kept at a low 

5 voltage, the PLATE line is then raised to a voltage 
sufficient to drop a small voltage across ferroelec- 
tric capacitors F9 and F10. As described above, the 
current flow through the ferroelectric capacitors F 3 
and F10 will depend on their polarization state. That 

10 current flows through resistors R13 and Ru and is 
amplified in transistors Q13 and Q14 if the GAIN 
line is high. The current charges up nodes A* and 
B' with the node corresponding to the ferroelectric 
capacitor in the positive polarization state receiving 

75 more charge. Next, supply Vcc is reconnected to 
flip-flop 31 2B. The supply voltage causes flip-flop 
31 2B to latch. The node with more charge will be 
latched in the logic high stage and the other node 
will be latched in the logic low state. Thus, the 

20 state of ferroelectric capacitors F 9 and and F10 is 
transferred to flip-flop 31 2B. 

Having described several embodiments of the 
invention, it will be apparent to one of skill in the 
art that numerous alternative embodiments could 

25 be made. Sensing the resistance of a ferroelectric 
capacitor to determine its polarization state could 
be used in many other memory architectures. As 
another example, the current through the ferroelec- 
tric element is measured for a constant applied 

30 voltage. One of skill in the art will appreciate that a 
constant current could be applied and the voltage 
measured. Also, many semiconductor fabrication 
techniques are known and could be used instead of 
any specific technique mentioned herein. It is felt, 

35 therefore, that this invention should be limited only 
by the spirit and scope of the appended claims. 

Claims 

40 1. A ferroelectric memory comprising: 

a) a cell comprising a ferroelectric element 
containing a ferroelectric material having a 
coercive voltage; 

b) means for applying to the ferroelectric 
45 element a first voltage having a magnitude 

above the coercive voltage and a second 
voltage having a magnitude above the coer- 
cive voltage and a polarity opposite the first 
voltage, and for applying to the ferroelectric 
50 cell a third voltage having a magnitude be- 

low the coercive voltage and for sensing the 
current flow through the ferroelectric ma- 
terial induced by the third voltage. 

55 2. The ferroelectric memory of Claim 1 wherein 
the ferroelectric element comprises a ferro- 
electric capacitor with a first plate and a sec- 
ond plate with a ferroelectric material disposed 
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between the first plate and the second plate. 

a The ferroelectric memory of Claim 2 wherein 
the material of the plates has a work function 
approximately equal to the work function of the 
ferroelectric material. 

4. The ferroelectric memory of Claim 2 wherein 
the first plate and the second plate are made 
from a metal oxide. 

5. The ferroelectric memory of Claim 4 wherein 
the plates are made from a metal oxide se- 
lected from the group consisting of tin-oxide, 
indium-tin-oxide, and nickel-oxide. 

6. The ferroelectric memory of Claim 5 wherein 
the ferroelectric material comprises PZT. 

7. The ferroelectric memory of Claim 2 wherein 
the ferroelectric material contains a means for 
reducing the bulk resistance of the ferroelectric 
material. 

8. The ferroelectric memory of Claim 7 wherein 
the means for reducing the bulk resistance of 
the ferroelectric materia! comprises doping the 
ferroelectric material with a metal. 

9. The ferroelectric memory of Claim 8 wherein 
the doping metal is selected from the group 
consisting of silver, lead, and platinum. 

10. The memory of Claim 8 wherein the doping 
metal is added to the ferroelectric material by 
sputtering the metal onto the surface of the 
ferroelectric material and diffusing the metal 
into the ferroelectric material. 

11. The memory of Claim 7 wherein the means for 
reducing the bulk resistance of the ferroelectric 
material comprises oxygen vacancies in the 
ferroelectric material. 

12. The memory of Claim 11 wherein the means 
for reducing the bulk resistance of the fer- 
roelectric material is formed by annealing the 
ferroelectric material in a reducing atmosphere. 

13. The memory of Claim 7 wherein the means for 
reducing the resistance of the ferroelectric ma- 
terial comprises layers of metal interspersed 
with the ferroelectric material. 

14. The memory of Claim 7 wherein the means for 
reducing the resistance of the ferroelectric ma- 
terial comprises a p-type dopant in the fer- 
roelectric material. 



15. The memory of Claim 14 wherein the p-type 
dopant is an ion selected from the group con- 
sisting of boron and gallium. 

5 16. The ferroelectric . memory of Claim 1 wherein 
the means for sensing current comprises a 
bipolar junction transistor the base of which is 
connected to the ferroelectric element. 

10 17. The ferroelectric memory of Claim 16 wherein 
the means for sensing current additionally 
comprises an amplifier coupled to the emitter 
of the bipolar junction transistor. 

15 18. The ferroelectric memory of Claim 1 wherein 
the cell additionally comprises a first and sec- 
ond zener diode, each diode having its anode 
connected to the ferroelectric element. 

20 19. The ferroelectric memory of Claim 18 addition- 
ally comprising a plurality of row control lines 
and a plurality of column control lines wherein 
the cathode of first zener diode is connected to 
one of the row control lines and the cathode of 

25 the second zener diode is connected to one of 

the column control lines. 

20. The ferroelectric memory of Claim 19 wherein 
the means for applying voltage comprises: 

30 a) a plurality of row drives, each drive con- 

nected to one of the row control lines; 
b) a plurality of column drives, each drive 
connected to one of the column control 
lines. 

35 

21. The ferroelectric memory of Claim 20 wherein 
the first voltage is applied to the ferroelectric 
element when one of the column drives pro- 
duces on a column line the voltage V A and one 

40 of the row drives produces on a row line the 

voltage V B , wherein the difference between the 
voltages V A and V B exceeds the sum of: the 
coercive voltage of the ferroelectric element, 
the forward bias voltage drop across the sec- 

45 ond zener diode and the reverse breakdown 

voltage across the first zener diode. 

22. The ferroelectric memory of Claim 21 wherein 
the third voltage is applied to the ferroelectric 

50 element when one of the column drives pro- 

duces on a column line the voltage V D and one 
of the row drives produces on a row line the 
voltage V c ,wherein the voltage V c exceeds the 
voltage on the cathode of the first zener diode 

55 by an amount greater than the reverse break- 

down voltage of the first zener diode plus 50 
millivolts, and the voltage V D is less than the 
reverse breakdown voltage of the second 
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zener diode. 

23. The ferroelectric memory of Claim 1 wherein 
the third voltage is substantially less than the 
coercive voltage of the ferroelectric element 

24. The ferroelectric cell of Claim 23 wherein the 
third voltage is between 50 and 100 millivolts. 

25. The method of operating a ferroelectric mem- 
ory element comprising the steps of: 

a) polarizing the ferroelectric material; and 

b) measuring the resistance of the ferroelec- 
tric material. 

26. The method of Claim 25 wherein the step of 
measuring the resistance comprises: 

a) applying a voltage to the ferroelectric 
element; and 

b) sensing the current flow through the fer- 
roelectric element. 



the row line and column lines to which the cell 
is connected exceeding the sum of: the thresh- 
old, the reverse bias breakdown voltage of the 
first zener diode, and the forward bias voltage 
s of the second zener diode. 

32. A memory cell having a point at which the 
input or output of the cell appears and at least 
one control line comprising: 

10 a) a non-volatile storage element; 

b) a bipolar junction transistor having one 
terminal coupled to the non-volatile storage 
element and one terminal coupled to the 
point; and 

75 c) a resistor having one end connected to 

the base of the transistor and one end con- 
nected to the control line. 

33. The memory of Claim 32 wherein the resistor 
20 has a value in the range of 10,000 to 100,000 

ohms. 



27. The method of Claim 26 wherein the step of 
applying a voltage comprises applying a volt- 
age substantially below the coercive voltage of 
the ferroelectric element. 

28. The method of Claim 25 additionally compris- 
ing the step of outputting a logic one when the 
measured current exceeds a threshold and 
outputting a logic zero when the measured 
current is below the threshold. 

29. In a semiconductor memory of the type having 
a plurality of memory cells connected in a 
crosspoint array to row and column control 
lines, each one of the row and column control 
lines connected to a driver, an improved cell 
comprising: 

a) a memory element having two terminals; 

b) a first zener diode having its anode con- 
nected to a first terminal of the memory 
element and its cathode connected to the 
row control line; and 

c) a second zener diode having its anode 
connected to the second terminal of the 
memory element and its cathode connected 
to column control lines. 



34. The memory of Claim 32 additionally compris- 
ing a second transistor and a second resistor, 

25 the base of the second transistor being coup- 
led to the control line through the second re- 
sistor and one terminal of the transistor being 
coupled to a terminal of the non-volatile stor- 
age element. 

30 

35. The memory of Claim 32 additionally compris- 
ing: 

a) a second transistor, the base of the sec- 
ond transistor being connected to one ter- 

35 minal of the memory element; and 

b) a means for sensing current above a 
predetermined threshold, said means being 
connected to one terminal of the second 
transistor. 

40 



45 



30. The memory of Claim 29 wherein the memory so 
element stores a first state when a voltage 
exceeding a threshold with a first polarity is 
applied across it and stores a second state 
when a voltage exceeding a threshold with a 
second polarity is applied across it. 55 

31. The memory of Claim 30 wherein information 
is stored in a cell by applying a voltage across 
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